A transparent diode with high rectifying ratio using amorphous indium-gallium-zinc oxide/SiN x coupled junction We introduce a transparent diode that shows both high rectifying ratio and low leakage current at process temperature below 250
C. This device is clearly distinguished from all previous transparent diodes in that the rectifying behavior results from the junction between a semiconductor (amorphous indium-gallium-zinc oxide (a-IGZO)) and insulator (SiN x ). We systematically study the properties of each junction within the device structure and demonstrate that the a-IGZO/SiN x junction is the source of the outstanding rectification. The electrical characteristics of this transparent diode are: 2.8 A/cm 2 on-current density measured at À7 V; lower than 7.3 Â 10 À9 A/cm 2 off-current density; 2.53 ideality factor; and high rectifying ratio of 10 8 -10 9 . Furthermore, the diode structure has a transmittance of over 80% across the visible light range. The operating principle of the indium-tin oxide (ITO)/a-IGZO/SiN x /ITO device was examined with an aid of the energy band diagram and we propose a preliminary model for the rectifying behavior. Finally, we suggest further directions for research on this transparent diode. V C 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4927823] Transparent electronic devices are becoming increasingly important in various applications. Research has focused on making standard p-n junction or metalsemiconductor (MS) diode structures with transparent materials. Transparent MS diodes use a transparent conductor such as indium-tin oxide (ITO) in conjunction with a wideband gap semiconductor. Since the transparent MS diodes consisting of transparent conductor such as ITO and wideband gap oxide semiconductors did not show strong rectifying behavior due to the similarity in work function between two materials, more attention has been paid to the p-n junction based on wide band gap oxide semiconductors. However, these efforts have suffered from difficulties in finding a suitable p-type transparent material and the resulting oxide semiconductor p-n junction diodes have thus far been limited by a high leakage current density, which results in a significantly lower rectifying behavior compared to conventional, non-transparent diodes. [1] [2] [3] [4] [5] [6] In recent reports, there are p-n junction transparent diodes having enhanced rectifying ratio as a result of successful development in p-type oxide semiconductor. [7] [8] [9] However, the fabrication of these transparent diodes involves high process temperatures as high as 600 C or the pulsed laser deposition (PLD) method that is not suitable to large area devices. So, we tried to find other alternative transparent rectifying junctions that enable low temperature process but retain high rectifying ratio, low leakage, and good optical transmittance. The structure of a transparent diode that we present in Figure 1 consists of a semiconducting amorphous indium-gallium-zinc oxide (a-IGZO) and an insulating SiN x layer sandwiched between conducting ITO.
Although the a-IGZO has been studied extensively as an active layer in thin film transistors, the outstanding rectifying characteristics of the a-IGZO-insulator junction has not been reported previously. We systematically study the properties at each junction within the device and clearly identify the a-IGZO/SiN x junction as the source of the outstanding rectification. We propose a preliminary model for the rectifying behavior in the ITO/a-IGZO/SiN x /ITO device and suggest further directions for research on this transparent diode.
This transparent diode was fabricated on soda-lime glass substrates. A 50 nm thick ITO bottom electrode was first deposited by radio frequency (RF) magnetron sputtering. Next, a 20 nm thick SiN x layer was deposited by plasma enhanced chemical vapor deposition (PECVD) at 250 C. The reactant gases were SiH 4 and NH 3 . Then, the deposition of the a-IGZO film followed using RF magnetron sputtering from a-IGZO target (In:Ga:Zn ¼ 1:1:1). The ambient atmosphere of Ar:O 2 with a ratio of 9:1 was maintained at 5 mTorr during the deposition. layer was deposited as a top electrode. The 50 lm Â 50 lm area of the top electrode was defined by photo lithography method which was followed by a lift-off process. Finally, the device was annealed for 1 h at 250 C in forming gas (H 2 5% and Ar 95%). Separated junctions of ITO/a-IGZO/ITO and ITO/SiN x /ITO were fabricated with identical deposition and annealing conditions used for the diode device. The currentvoltage and capacitance-voltage characteristics were measured using each Agilent E5270B and HP 4284A parameter analyzer. Optical transmittance was measured using Ultraviolet-visible spectroscopy (Biochrom Ltd., Cambridge). The transmission electron microscopy (TEM) was operated with an acceleration voltage of 300 kV.
Figure 2(a) shows the current density versus voltage (J-V) characteristics of ITO/a-IGZO/SiN x /ITO structure on a linear scale. The J-V curve shows strong rectification with an ideality factor of 2.53, which is similar to previous transparent oxide diodes. Such a relative high ideality factor is not uncommon in transparent oxide diode and it is believed to be associated with an interfacial defect in heterojunction or deep-level-defect of oxide semiconductor.
1-3
In contrast, this diode has a very low leakage current density in the range of 10 , which is relatively high compared to the previously reported p-n junction oxide diode. [1] [2] [3] [4] [5] [6] [7] [8] [9] In general, rectifying behavior is caused by Schottky junction formed by difference of work function between metal and semiconductor or the built-in potential from the space charge region at p-n junction. It is also caused by the different work functions between bottom electrode and top electrode in the Metal-Insulator-Metal (MIM) structure. In the ITO/a-IGZO/SiN x /ITO structure system, there are three junctions which may induce the rectifying behavior. We systematically investigate the J-V characteristics of each of the three possible junctions independently in order to identify the junction responsible for the rectifying characteristics in the ITO/a-IGZO/SiN x /ITO structure.
First, one possible source of rectification is between the ITO top electrode and the n-type a-IGZO semiconductor. It is well known that a Schottky barrier formed by the difference between the metal's work function and the semiconductor's work function can lead to either a rectifying or nonrectifying junction depending on the barrier height. We therefore examined the J-V characteristics of an ITO/a-IGZO/ITO sandwich structure. As shown in Figure 2(c) , the junction shows a clear Ohmic behavior and is highly conductive. This result is expected since the ITO/a-IGZO combination is commonly used for its Ohmic behavior in the back plane transistors of LCDs.
Second, A MIM structure can show rectification under the condition where there exists a significant difference of the work function between the top electrode and bottom electrode in order to drive a forward tunneling current. 10 To confirm that the large rectification ratio does not originate from the SiN x and ITO bottom electrode junction, the J-V characteristics of the ITO/SiN x /ITO structure are shown in Figure  2 (d). The 20 nm thickness of the SiN x layer is the same used for ITO/a-IGZO/SiN x /ITO device. Although SiN x is an insulator, it permits a tunneling current as the layer becomes thinner. The tunneling current measured for this junction is 1000 times lower than the on-state current of the full device structure; therefore, this junction cannot account for the high rectification ratio. From this experimental evidence, we conclude that the rectifying behavior in ITO/a-IGZO/SiN x /ITO structure is due to the a-IGZO/SiN x junction. Although the structure of ITO/a-IGZO/SiN x /ITO diode resembles MetalInsulator-Semiconductor (MIS) Schottky diode, it is different from the MIS Schottky diode. In case of MIS Schottky diode, the rectifying behavior is basically caused by Schottky contact between metal and semiconductor and the role of inserted insulating layer is to improve the electrical properties. For instance, it helps to control the redistribution of the interface states or reduces the chemical interaction at the surface. [11] [12] [13] On the other hand, the SiN x layer is an electrically active and is crucial to cause the rectifying behavior in this transparent diode. This result is important because this distinctive rectifying behavior has not been reported previously. Moreover, we have found such rectifying behavior when the a-IGZO is coupled with other insulators like SiO x or Al 2 O 3 (not shown here).
The capacitance versus voltage (C-V) measurement can elucidate the origin of the low leakage current. The tunneling current through SiN x by itself was 10 À6 A/cm 2 (Figure 2(d) , whereas the leakage current of the full device was much lower at 10 À9 A/cm 2 (Figure 2(b) . This clearly suggests that a depletion layer within the a-IGZO must contribute strongly to the resistance of the junction in reverse bias. To understand the device characteristics, we propose a preliminary model by using the energy band diagram in Figure 4 . The work function of ITO and electron affinity of the a-IGZO are reported to be 4.3-4.5 eV and 4.25-4.45 eV, respectively. 14 The energy levels of SiN x depend somewhat on deposition conditions with the electron affinity typically reported to be around 2.1 eV. 15 The energy barrier height is approximately equal on both sides of the SiN x because the electron affinity of the a-IGZO and the work function of ITO are similar as shown at equilibrium in Figure 4 bias on the a-IGZO side) . The a-IGZO layer is fully depleted (see Figure 3 ) and the resistance of diode increases. The total resistance is the sum of resistances the SiN x layer and the a-IGZO depletion layer. This combination results in a very low off-current below 10
À13 A corresponding to a current density below 10 À9 A/cm 2 as demonstrated in Figure 2(b) . Figure 4 (c) shows the band diagram for forward bias (negative bias on the a-IGZO side).
In forward bias, current can flow through a number of possible paths including: direct tunneling, 16 FowlerNordheim tunneling, 17 thermionic emission, 18 and PooleFrenkel mechanism. 19 However, none of these mechanisms can directly explain the high level of on-current through the 20 nm insulator layer. Furthermore, in Figure 2(d) , we noted that the tunneling current through the 20 nm thick SiN x layer itself is about 1000 times lower than the actual device current. Therefore, there must be an additional effect that enables electrons to move more easily across the junction. As suggested in Figure 4 (c), a likely candidate could be an interfacial defect related band-bending (red dashed line) which makes the electron tunneling easier compared to the ideal band diagram.
The cross-sectional TEM image in Figure 5 confirms the presence of a 5.8 nm thick interfacial layer at the a-IGZO/ SiN x junction. Such intermixing layers are typical during the deposition of the a-IGZO on SiN x firm in oxygen ambient and subsequent annealing process. 20 The electron affinity change due to an interfacial layer cannot simply account for the band bending suggested in Figure 4 (c) because the electron affinity of an interfacial layer is not likely to be larger than that of SiN x . 21 Determining the nature of the interfacial layer in order to clearly identify the rectification process is the focus of our current research.
Because the ITO/a-IGZO/SiN x /ITO diode structure is composed entirely of wide band-gap materials, it should be applicable for transparent electronics. Figure 6 shows that the device structure has greater than 80% transmittance across the full visible wavelength range (360 nm-900 nm). Taken together, the outstanding rectifying properties and high optical transparency make the ITO/a-IGZO/SiN x /ITO diode structure promising for transparent electronics applications.
In summary, we have investigated a transparent diode with high rectifying ratio based on a semiconducting a-IGZO and insulating SiN x junction. It showed outstanding electrical characteristics: 2.8 A/cm 2 on-current density measured at À7 V; below 7.3 Â 10 À9 A/cm 2 off-current density; ideality factor of 2.53; and rectifying ratio of 10 8 -10 9 . The diode structure has a transparency greater than 80% throughout the visible range and all the fabrication processes are carried out at temperatures below 250 C. The very low off-current originates from the high resistance increase of the depletion layer of the a-IGZO layer under reverse bias, while the high oncurrent is attributed to the enhanced tunneling probability associated with the interfacial layer between a-IGZO and SiN x . The presence of an interfacial layer was confirmed by a TEM image. The interfacial layer makes electron conduction easier through a number of possible pathways. We are currently studying the conduction mechanism through the device. One of the direction for research in the future will be a development of lower temperature processing conditions that allow low-cost deposition on a variety of substrates. 
